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Abstract	25	 	26	 Worldwide,	fishways	are	increasingly	criticised	for	failing	to	meet	conservation	goals.	We	27	 argue	that	this	is	largely	due	to	the	dominance	of	diadromous	species	of	the	Northern	28	 Hemisphere	(e.g.	Salmonidae)	in	the	research	that	underpins	the	concepts	and	methods	29	 of	fishway	science	and	management.	With	highly	diverse	life	histories,	swimming	abilities	30	 and	spatial	ecologies,	most	freshwater	fish	species	do	not	conform	to	the	stereotype	31	 imposed	by	this	framework.	This	is	leading	to	a	global	proliferation	of	fishways	that	are	32	 often	unsuitable	for	native	species.	The	vast	majority	of	fish	populations	do	not	33	 undertake	extensive	migrations	between	clearly	separated	critical	habitats,	yet	the	34	 movement	of	individuals	and	the	genetic	information	they	carry	is	critically	important	for	35	 population	viability.	We	briefly	review	some	of	the	latest	advances	in	spatial	ecological	36	 modelling	for	dendritic	networks	to	better	define	what	it	means	to	achieve	effective	fish	37	 passage	at	a	barrier.	Through	a	combination	of	critical	habitat	assessment	and	the	38	 modelling	of	metapopulations,	climate	change-driven	habitat	shifts	and	adaptive	gene	39	 flow,	we	recommend	a	conceptual	and	methodological	framework	for	fishway	target-40	 setting	and	monitoring	suitable	for	a	wide	range	of	species.	In	the	process,	we	raise	a	41	 number	of	issues	that	should	contribute	to	the	ongoing	debate	about	fish	passage	42	 research	and	the	design	and	monitoring	of	fishways.	 	43	
Introduction	44	 	45	 Structures	designed	to	aid	fish	movement	through	river	barriers,	known	as	‘fishways’	46	 (including	‘fish	guidance	systems’	like	screens	and	bypasses	for	downstream	movement),	47	 are	the	preferred	fish	passage	management	solution	worldwide.	However,	fishways	are	48	 increasingly	criticised	for	failing	to	meet	conservation	goals	(Pompeu	et	al.,	2012;	Brown	49	 et	al.,	2013;	McLaughlin	et	al.,	2013;	Pelicice	et	al.,	2017).	Even	among	those	in	agreement	50	 on	the	general	utility	of	fishways,	there	is	debate	as	to	how	designs	should	be	developed	51	 and	evaluated	(Kemp,	2016;	Williams	&	Katopodis,	2016;	Bunt	et	al.,	2016).	A	major	part	52	 of	the	problem	is	that	designs	for	single	target	species	from	the	temperate	Northern	53	 Hemisphere	are	promoted	as	solutions	in	diverse	biogeographical	settings	worldwide	54	 (e.g.	Quirós,	1989;	Mallen-Cooper	&	Brand,	2007;	Noonan	et	al.,	2012;	Bunt	et	al.,	2016).	55	 However,	the	majority	of	freshwater	fish	exhibit	vastly	different	life	histories,	swimming	56	 abilities	and	spatial	ecologies	(Winemiller,	1989;	Humphries	et	al.,	1999)	to	the	iconic	57	 diadromous	fish	native	to	the	north	(e.g.	Salmo	salar;	Oncorhynchus	spp.).	58	 	59	 By	reviewing	recent	advances	in	spatial	ecology,	which	we	argue	is	presently	under-60	 represented	in	fishway	science	and	management,	our	aim	is	to	better	define	what	it	61	 means	to	achieve	effective	passage	at	riverine	barriers	and	to	recommend	a	range	of	62	 concepts	and	methods	for	fishway	target-setting	and	monitoring	that	are	applicable	to	a	63	 wide	range	of	species.	Our	uniquely	ecological	perspective	complements	recent	64	 syntheses	more	firmly	rooted	in	engineering	(e.g.	Williams	et	al.,	2012;	Silva	et	al.,	2018).	65	 	66	
Evaluating	fishway	effectiveness	67	 	68	
Presently,	the	dominant	framework	for	quantifying	fishway	effectiveness	reduces	the	69	 problem	to	a	few	simple	metrics	(Figure	1),	often	focusing	only	on	the	percentage	of	fish	70	 approaching	from	below	the	barrier	that	subsequently	move	upstream	through	the	71	 fishway	(‘overall	fishway	efficiency’;	Larinier,	2008).	This	‘fishway	efficiency’	framework	72	 is	highly	biased	towards	obligate	migratory	populations	that	are	strongly	motivated	to	73	 undertake	directed	movements	between	habitats	clearly	separated	in	space,	for	example	74	 diadromous	salmonids	(Roscoe	&	Hinch,	2010;	Noonan	et	al.,	2012;	Bunt	et	al.,	2016).	75	 The	vast	majority	of	freshwater	fish	species	do	not	fit	this	definition	and	lack	the	motility	76	 or	motivation	to	traverse	hydraulic	structures	characterised	by	high	mean	velocities	and	77	 turbulence	intensities	(e.g.	spillways	and	fishways)	or	low	mean	velocities	(e.g.	78	 reservoirs;	Pelicice	et	al.,	2015).	Yet,	in	order	to	complete	their	life-cycle,	all	fish	must	79	 undertake	movements	for	reproduction	and	feeding,	and	to	seek	refuge	from	80	 unfavourable	conditions	(Schlosser,	1991;	Fausch	et	al.,	2002).	The	distance	of	these	81	 movements	for	some	populations	may	be	restricted	in	terms	of	central	tendency	(e.g.	82	 <100	m;	Rodríguez,	2002)	but	there	is	such	variability	involved	that	some	have	suggested	83	 that	riverine	fish	should	never	be	considered	sedentary	(Gowan	&	Fausch,	1996;	Crook,	84	 2004;	Radinger	&	Wolter,	2014).	For	this	reason,	we	prefer	to	use	inverted	commas	when	85	 discussing	‘non-migratory’	species.	86	 	87	 [Fig	1]	88	 	89	 This	population-level	variability	in	dispersal	distance	is	crucially	important	for	processes	90	 occurring	at	a	wide	range	of	spatial	and	temporal	scales	(Figure	2),	all	of	which	may	be	91	 impacted	by	anthropogenic	barriers.	These	processes	include:	maintenance	of	gene	flow	92	 (e.g.	Frankham,	2015);	recolonisation	of	habitats	previously	affected	by	physical	93	
disturbance	and	disease	(e.g.	Howell,	2006);	and	rescue	of	subpopulations	otherwise	94	 bound	for	local	extinction	due	to	stochastic	demographic	processes	(e.g.	Stephens	&	95	 Sutherland,	1999).	Furthermore,	as	the	climate	changes,	whole	fish	populations	will	need	96	 to	shift	distributions	to	adapt	(Comte	et	al.,	2014;	Ruiz-Navarro	et	al.,	2016;	Radinger	et	97	 al.,	2017).	In	some	cases,	in-situ	adaptive	processes	may	be	sufficient	to	adapt	to	climate	98	 change,	but	this	would	still	require	connectivity	between	diverse	subpopulations	from	99	 which	genotypes	can	be	selected	(Sgro	et	al.,	2011).	At	the	longest	timescales,	species’	100	 distributions	have	been	rebounding	since	the	last	glacial	maximum	and	in	response	to	101	 orographic	episodes	(Consuegra	et	al.,	2002;	Zemlak	et	al.,	2008).	102	 	103	 [Fig	2]	104	 	105	 Fishways	must	facilitate	these	processes,	which	may	operate	over	timescales	longer	than	106	 those	traditionally	considered	within	the	fishway	efficiency	framework	(Figure	2).	In	107	 other	words,	fishways	must	support	the	viability	of	fish	populations.	But	how	can	fishway	108	 success	be	evaluated	on	this	basis	given	the	multitude	of	other	processes,	both	natural	109	 and	anthropogenic,	acting	on	the	community?	In	pondering	this	question,	we	find	110	 ourselves	caught	between	the	epistemologies	of	holism	and	reductionism	(Hannah	et	al.,	111	 2007).	Clearly,	a	single	percentage	(e.g.	overall	fishway	efficiency)	is	tractable,	easy	to	112	 communicate	to	non-specialists	and	consistent	with	engineering	traditions.	Yet,	equally	113	 clearly,	it	is	challenging	to	reduce	this	complexity	to	a	single	number.	Moreover,	the	114	 fishway	efficiency	framework	(Figure	1)	begs	the	important	practical	question,	how	much	115	
is	enough?	Lucas	and	Baras’	(2000)	recommendation	of	90-100%	for	overall	fishway	116	 efficiency	is	often	cited.	However,	the	ecological	basis	for	this	target	is	restricted	to	only	117	 those	populations	with	critical	habitats	clearly	separated	by	the	barrier	in	question	118	
(Pompeu	et	al.,	2012).	More	practically,	in	light	of	recent	global	syntheses,	the	target	119	 hardly	seems	achievable	even	for	highly	motivated	migratory	species	(Noonan	et	al.,	120	 2012;	Bunt	et	al.,	2016;	Wilkes	et	al.,	2018a,	b).	In	some	instances,	as	we	shall	discuss,	121	 targeting	such	high	efficiency	may	actually	do	more	harm	than	good	(Pompeu	et	al.,	2012;	122	 Pelicice	et	al.,	2017;	Silva	et	al.,	2017).	123	 	124	
Setting	ecologically	realistic	targets	for	fishway	effectiveness	125	 	126	 Alternatives	to	the	fishway	efficiency	framework	have	been	proposed	and	are	gaining	127	 traction	as	operational	tools.	Castro-Santos	and	Perry	(2012)	proposed	a	time-to-event	128	 analysis	that	describes	fish	passage	as	a	rate	per	unit	time	given	environmental	129	 covariates	(e.g.	spilling	regime,	temperature).	This	is	an	improvement	on	the	fishway	130	 efficiency	framework	and	is	applicable	to	larger-bodied	migratory	fish	suitable	for	131	 individual	tracking	using	biotelemetry	(Silva	et	al.,	2018).	Baumgartner	et	al.	(2010)	132	 offered	an	alternative	approach	that	can	be	applied	to	the	whole	fish	community	through	133	 a	combination	of	biotelemetry	(larger	fish)	and	trapping	at	the	fishway	entrance	and	exit	134	 (all	body	sizes).	However,	the	results	of	trapping	campaigns	are	restricted	to	the	species-	135	 and	life	stage-	selectivity	of	fishways.	Finally,	Pompeu	et	al.	(2012)	proposed	a	new	136	 concept	based	on	the	occurrence	of	critical	habitats	on	either	side	of	a	barrier,	suggesting	137	 that	even	a	highly	‘efficient’	fishway	may	not	contribute	to	supporting	population	138	 viability.	139	 	140	 Whilst	these	alternatives	represent	progress	over	the	fishway	efficiency	framework,	they	141	 do	not	address	all	reasons	why	fish	need	to	move	(Figure	2).	In	particular,	they	do	not	142	 cater	for	the	needs	of	all	fish	populations	to	disperse	in	order	to:	(i)	recolonise	disturbed	143	
habitats	and	rescue	subpopulations	bound	for	local	extinction;	(ii)	adapt	to	climate	144	 change	through	shifting	distributions;	and	(iii)	adapt	through	exchanging	genetic	145	 information.	Furthermore,	they	do	not	provide	any	quantitative	mechanisms	for	setting	146	 targets	against	which	the	effectiveness	of	a	fishway,	in	terms	of	its	ability	to	support	147	 viable	populations,	can	be	evaluated.	To	address	these	gaps,	we	suggest	the	application	of	148	 modelling	frameworks	based	on:	(i)	metapopulation	theory;	(ii)	species	distributions	and	149	 fish	dispersal;	and	(iii)	demo-genetics.	Below,	we	identify	recent	advances	in	each	of	150	 these	areas	and	recommend	approaches	to	specifying	‘dispersal	targets’,	i.e.	the	minimum	151	 number	of	individuals,	as	a	function	of	population	size,	that	fishways	should	pass	in	152	 upstream	and	downstream	directions	to	support	population	viability.	We	suggest	that	153	 these	targets	are	more	realistic	than	the	90-100%	typically	targeted	for	migratory	154	 species	with	critical	habitats	clearly	separated	by	barriers.	We	use	the	term	‘realistic’	155	 because	the	targets	are	based	on	real	ecological	processes	rather	than	a	weak	assumption	156	 that	all	fish	must	pass	the	barrier.	157	 	158	 These	modelling	approaches	may	be	applied	to	both	‘non-migratory’	and	migratory	159	 species.	However,	in	the	latter	case,	the	application	must	acknowledge	that	migratory	160	 species	may	require	access	to	critical	habitats	found	exclusively	on	either	side	of	the	161	 barrier	(Pompeu	et	al.,	2012).	As	well	as	a	minimum	dispersal	target,	an	upper	limit	may	162	 also	be	of	interest,	since	demographic	models	of	potamodromous	fish	suggest	negative	163	 effects	of	highly	‘efficient’	fishways	(Silva	et	al.,	2017).	In	particular	situations	where	164	 upstream	passage	is	favoured	over	downstream	passage	and	there	is	a	lack	of	suitable	165	 habitat	upstream	(Pompeu	et	al.,	2012),	overall	fishway	efficiencies	of	more	than	10-30%	166	 have	the	potential	to	create	damaging	ecological	sink	behaviour	(Pelicice	&	Agostinho,	167	 2008;	Silva	et	al.,	2017).	This	risk	is	greater	for	high-head	structures	that	are	less	likely	to	168	
be	drowned	out	during	flood	events,	and	also	for	structures	that	impound	a	larger	body	169	 of	water,	thereby	causing	more	drastic	changes	to	habitat	availability	upstream.	170	 	171	
Metapopulation	theory	172	 	173	 Fishways	operate	within	a	complex	river	network	involving	multiple	habitat	patches,	174	 barriers	and	stressors.	However,	with	the	exception	of	Pompeu	et	al.	(2012),	presently	175	 available	conceptual	frameworks	for	evaluating	fishway	efficiency	focus	on	the	176	 immediate	vicinity	of	a	single	structure.	Metapopulation	theory	represents	an	177	 appropriate	foundation	for	better	integration	of	the	effects	of	large-scale	spatial	178	 ecological	processes,	and	the	cumulative	effects	of	multiple	barriers	and/or	fishways.	A	179	 metapopulation	can	be	defined	as	a	set	of	subpopulations	within	which	local	extinctions	180	 may	be	balanced	by	immigration	and	recolonisation	(Levins,	1969).	From	this	simple	181	 definition,	it	is	possible	to	see	immediately	the	relevance	to	connectivity	-	the	viability	of	182	 the	metapopulation	is	contingent	on	dispersal.	As	yet,	however,	this	idea	has	made	little	183	 impact	on	fishway	science	and	management.	Better	integration	of	metapopulation	theory	184	 could	help	to	define	ecologically	realistic	dispersal	targets	for	passage	at	the	population	185	 level	(Figure	3a-b),	and	across	entire	river	networks.	186	 	187	 [Fig	3]	188	 	189	 Metapopulation	modelling	has	a	long	history	in	two-dimensional	terrestrial	landscapes	190	 (Levins,	1969)	and,	although	the	geometry	of	dendritic	networks	precludes	the	direct	191	 transfer	of	terrestrial	models	to	rivers	(Fagan,	2002),	its	application	to	fragmented	river	192	 basins	has	now	matured	to	the	extent	that	many	are	calling	for	its	better	integration	into	193	
hydropower	planning	protocols	(Jager	et	al.,	2015;	Hurd	et	al.,	2016).	The	foundational	194	 work	in	metapopulation	theory	relied	on	patch	occupancy	models	(Levins,	1969),	195	 reducing	population	processes	within	individual	habitat	patches	to	a	simple	statement	of	196	 whether	a	patch	is	occupied	(1)	or	not	(0).	Later,	Stochastic	Patch	Occupancy	Models	197	 (SPOMs)	represented	an	advance	in	modelling,	whereby	presence-absence	of	a	species	in	198	 each	suitable	habitat	patch	was	based	on	site-level	colonisation	and	extinction	199	 probabilities	(Hanski	&	Ovaskainen,	2003).	This	approach	relies	on	the	concept	of	200	
separability	of	population	(within	patch)	and	metapopulation	(among	patch)	processes	201	 (Drechsler	&	Wissel,	1997).	The	separability	assumption	supposes	that	because	among-202	 patch	processes	operate	over	such	vastly	longer	temporal	scales	than	within-patch	203	 population	approaches,	the	latter	can	be	safely	ignored	when	modelling	metapopulation	204	 responses.	However,	rivers	are	naturally	much	more	connected	than	the	mostly	isolated	205	 populations	first	envisaged	by	metapopulation	theory,	and	it	would	be	difficult	to	argue	206	 separability	of	population	and	metapopulation	processes.	207	 	208	 With	greater	computing	power,	more	recent	efforts	in	modelling	river	network-scale	209	 metapopulations	have	included	both	within-	and	among-patch	processes	(e.g.	Webb	&	210	 Padgham,	2013),	potentially	providing	a	way	forward	(Erös	&	Campbell	Grant,	2015).	211	 Under	this	‘graph	theory’	approach	the	river	network	is	reduced	to	a	series	of	‘nodes’	212	 (habitat	patches	containing	subpopulations)	and	‘edges’	(dispersal	links	between	nodes),	213	 allowing	the	strength	and	direction	of	relationships	between	nodes	to	be	represented	214	 (Webb	&	Padgham,	2013).	The	main	benefit	of	this	method	is	the	ability	to	calculate	215	 summary	statistics	that	define	levels	of	connectedness	for	individual	nodes	and	the	entire	216	 network.	For	example,	by	parameterising	the	graph	using	alternative	dispersal	217	
probabilities	reflecting	fishway	effectiveness,	a	metric	describing	the	independence	(I)	of	218	 each	node	(subpopulation	i)	in	the	network	may	be	calculated	as:	219	
!" = $""$"" + $&→"(&)" 	220	 where	sii	is	abundance	of	subpopulation	i,	and	sj®i	is	the	number	of	fish	emigrating	from	221	 subpopulation	j	to	subpopulation	i	(Schick	&	Lindley,	2007).	By	comparing	I	among	222	 different	scenarios	of	connectivity	(sj®i),	the	impact	of	a	fishway	permitting	passage	of	a	223	 given	number	of	fish	on	node	independence	(or	1-I,	isolation)	can	be	predicted.	224	 	225	 The	graph	theoretical	approach	is	conceptually	simple	in	its	application	to	dendritic	226	 networks	but	data	intensive,	requiring	estimates	of	subpopulation	abundances	and	227	 baseline	data	on	dispersal	to	compute	the	summary	statistics.	The	latter	could	be	228	 estimated	from	stable	isotope	or	genetic	analyses,	or	predicted	using	existing	fish	229	 dispersal	models	(Radinger	et	al.,	2014;	see	below)	if	no	direct	empirical	assessment	is	230	 possible.	Alternatively,	modelling	may	be	exploratory,	for	example	focusing	on	the	231	 uncertainty	of	patch-level	dispersal	probabilities	in	order	to	assess	the	sensitivity	of	232	 predictions	(Fullerton	et	al.,	2016).	Graph	theoretical	models	do	not	give	explicit	233	 information	on	subpopulation	viability,	although	more	isolated	subpopulations	(i.e.	with	234	 lower	I)	are	expected	to	be	at	higher	risk	of	local	extinction,	particularly	if	they	are	235	 already	small	(Figure	3b).	An	appropriate	target,	therefore,	would	be	to	preserve	236	 dispersal	at	a	level	that	maintains	the	pre-barrier	values	of	patch-	or	network-	scale	237	 connectivity.	238	 	239	
Species	distribution	and	fish	dispersal	240	 	241	
Observable	shifts	in	species	ranges	are	already	occurring	in	response	to	climate	change	242	 (Figure	3c;	Walther	et	al.,	2002;	Parmesan	&	Yohe,	2003;	Chen	et	al.,	2011)	and	fish	are	243	 predicted	to	be	affected	more	severely	than	many	terrestrial	organisms	(Comte	et	al.,	244	 2014).	The	ability	of	a	population	to	keep	pace	with	climate	change	is	highly	dependent	245	 on	dispersal	ability	and	connectivity	(Radinger	et	al.,	2017),	raising	obvious	concerns	246	 about	fish	passage.	Several	recent	applications	of	species	distribution	models	(SDMs)	247	 have	highlighted	the	severity	of	range	shifts	among	numerous	European	fish	taxa,	often	248	 reporting	upstream	habitat	shifts	and	the	failure	of	populations	to	keep	pace	with	the	249	 changes	(Comte	et	al.,	2014;	Ruiz-Navarro	et	al.,	2016;	Radinger	et	al.,	2017).	It	should	be	250	 noted,	however,	that	headwaters	may	be	more	resilient	to	climate	change-driven	habitat	251	 shifts	due	to	topographic	controls	that	limit	the	rapidity	of	water	temperature	increases	252	 (Isaak	et	al.,	2016).	As	potential	thermal	refugia,	retaining	connectivity	in	such	253	 environments	is	nonetheless	important.	254	 	255	 In	the	context	of	climate	change,	a	suitable	modelling	framework	for	predicting	the	256	 sensitivity	of	a	fish	population	to	a	new	barrier	is	specified	by	Radinger	et	al.	(2017).	The	257	 framework	can	be	applied	directly	to	the	problem	of	setting	dispersal	targets	for	258	 fishways.	The	approach	is	based	on	SDMs	constructed	using	boosted	regression	trees	259	 (BRTs)	under	past	or	present	conditions	or	under	scenarios	describing	climate	change	260	 and	management	decisions.	Indices	quantifying	the	extent	and	direction	(upstream,	261	 downstream)	of	habitat	gains	and	losses	are	calculated	for	the	scenarios	of	interest.	A	262	 trait-	and	site-	based	model	is	then	used	to	represent	realistic	fish	dispersal	using	a	263	 leptokurtic	dispersal	function,	i.e.	a	distribution	of	individual	dispersal	distances	from	264	 each	subpopulation	(Radinger	et	al.,	2014).	The	dispersal	function	is	parameterised	using	265	 empirical	data	on	62	riverine	species	showing	that	the	form	of	the	distribution	can	be	266	
predicted	from	fish	body	length,	aspect	ratio	of	the	caudal	fin	and	the	stream	order	where	267	 the	subpopulation	occurs	(Radinger	&	Wolter,	2014).	Complete	or	partial	barriers	are	268	 represented	in	the	model	by	restricting	the	passability	of	barriers,	i.e.	the	proportion	of	269	 fish	approaching	the	barrier	that	subsequently	traverse	it.	Indices	derived	from	habitat	270	 gains	and	losses	can	then	be	compared	under	different	scenarios	(Radinger	et	al.,	2018).	271	 In	particular,	the	species-specific	dispersal	compensation	index	(Hdispersal:gain)	is	a	useful	272	 quantity	that	describes	the	proportion	of	new	habitat	that	can	be	reached	through	273	 dispersal	over	a	given	time	frame.	Dispersal	targets	to	support	viable	populations	under	274	 climate	change	may	be	set	by	running	the	model	for	different	values	of	barrier	passability	275	 and	focusing	on	a	value	that	approaches	a	maximal	Hdispersal:gain.	276	 	277	
Demo-genetics	278	 	279	 Whilst	SDMs	hold	promise	as	the	basis	for	setting	dispersal	targets	in	contexts	where	280	 climate	change	is	predicted	to	drive	shifts	into	presently	unoccupied	habitats	(Figure	3c),	281	 a	different	approach	is	required	to	support	genotype	selection	for	in	situ	adaptation	of	282	 subpopulations	(Figure	3d).	It	has	long	been	known	that	barriers	affect	genetic	variation	283	 within	river	networks,	with	isolated	subpopulations	found	to	suffer	reduced	genetic	284	 diversity,	leading	to	genetic	drift	and	loss	of	adaptive	capacity	(Wofford	et	al.,	2005;	285	 Raeymaekers	et	al.,	2008).	This	knowledge	has	provided	the	basis	for	demo-genetic	286	 modelling	to	set	targets	for	population	translocation,	whilst	controlling	for	outbreeding	287	 depression	in	the	recipient	subpopulation	(e.g.	Pavlova	et	al.,	2017).	As	yet,	however,	the	288	 obvious	application	to	setting	targets	for	fishways	has	not	been	made.	Below	we	outline	a	289	 modelling	procedure	suitable	for	application	to	this	problem.	290	 	291	
The	translocation	model	of	Pavlova	et	al.	(2017)	was	developed	for	Macquaria	292	
australasica,	an	endangered	freshwater	fish	endemic	to	Australia.	The	species	is	293	 threatened	by	range	contraction	and	fragmentation	in	a	landscape	undergoing	severe	294	 climate	change.	Thus,	the	example	is	highly	analogous	to	the	situation	hypothesised	in	295	 Figure	3d,	whereby	a	barrier	blocks	gene	flow	between	two	or	more	populations	that	296	 were	previously	connected	via	dispersal.	In	the	modelling	procedure,	the	outcomes	of	297	 management	scenarios	(e.g.	number	of	individuals	passing	a	fishway)	are	simulated	using	298	 an	age-structured	population	model.	The	model	performs	individual-based	simulations	of	299	 population	viability	due	to	deterministic	forces	and	stochastic	demographic,	300	 environmental	and	genetic	effects.	Simulations	proceed	generation-by-generation	based	301	 on	observed	markers,	preferably	from	genomic	regions	under	selection.	At	each	time	302	 step,	a	number	of	simulations	are	performed	(typically	500	to	quantify	uncertainty)	and	303	 each	offspring	is	randomly	assigned	one	of	the	alleles	from	each	parent.	Several	304	 population-level	metrics	are	reported,	including	probability	of	extinction	over	the	305	 modelled	time	period.	With	translocation	of	suitable	genotypes,	Pavlova	et	al.	(2017)	306	 found	that	the	probability	of	extinction	in	the	smallest	populations	could	be	maintained	307	 at	or	near	zero	for	100	years,	a	substantial	improvement	on	a	‘do-nothing’	scenario.	308	 	309	 Using	a	similar	approach,	Vera-Escalona	et	al.	(2018)	found	that	a	fixed	percentage	of	310	 gene	flow	(1%)	at	barriers	would	not	be	sufficient	to	conserve	a	Galaxias	platei	311	 metapopulation	in	Pataogonia	if	hydropower	development	reduced	population	sizes	by	312	 90%.	This	underlines	the	importance	of	considering	targets	as	a	function	of	population	313	 size	rather	than	a	fixed	percentage.	It	also	reminds	us	that	loss	of	connectivity	is	just	one	314	 of	the	impacts	that	hydropower	may	have	on	fish	populations,	i.e.	in	addition	to	habitat	315	 quality	and	quantity.	316	
	317	 Although	the	demo-genetic	approach	holds	promise	for	setting	quantitative	fishway	318	 targets,	there	are	instances	where	genetic	connectivity	is	not	required.	In	these	instances,	319	 which	may	represent	hotspots	of	speciation	(Shelley	et	al.,	2017)	or	populations	bound	320	 for	local	extinction	due	to	natural	historical	processes,	intervention	in	the	form	of	321	 fishways	is	clearly	not	warranted.	Only	subpopulations	among	a	wider	metapopulation	322	 connected	via	dispersal	should	be	considered	as	targets.	If	this	is	the	case,	a	further	323	 consideration	is	genetic	outbreeding,	which	must	be	mitigated	for	by:	(i)	only	using	324	 source	populations	of	the	same	karyotype	as	the	recipient	population;	and	(ii)	ensuring	325	 that	source	and	recipient	populations	have	been	isolated	for	<500	years	(Frankham	et	al.,	326	 2011).	In	the	context	of	fishways,	these	criteria	would	be	met	in	all	but	the	most	extreme	327	 cases	imaginable.	328	 	329	
Towards	diversified	conceptual	and	methodological	frameworks	for	fishway	330	
target-setting	and	monitoring	331	 	332	 We	recommend	two	alternative	frameworks	for	monitoring	(Figure	4).	First,	the	classic	333	 fishway	efficiency	framework	(see	Figure	1)	for	the	special	case	where	critical	habitats	334	 for	different	life-stages	may	only	be	accessed	by	traversing	the	barrier.	Depending	on	the	335	 location	of	the	barrier,	this	is	likely	to	be	the	case	for	diadromous	fish	and	some	336	 potamodromous	populations.	Consistent	with	our	other	recommendations,	the	337	 population-level	impacts	of	failing	to	achieve	full	fish	passage	in	these	circumstances	338	 should	be	assessed	to	determine	whether	100%	passage	is	truly	necessary	for	long-term	339	 population	viability.	If	critical	habitats	are	found	on	only	one	side	of	the	barrier,	340	 applications	should	consider	if	a	fishway	would	be	appropriate	and,	if	so	(e.g.	to	support	341	
fisheries),	set	upper	limits	for	fishway	efficiency	(Silva	et	al.,	2017).	Second,	the	‘dispersal	342	 target’	framework	in	situations	where	a	barrier	blocks	the	exchange	of	individuals	and	343	 genetic	information	within	a	metapopulation,	or	prevents	a	distribution	shift	(Figure	3).	344	 This	will	be	the	case	for	many	‘non-migratory’	species,	as	well	as	potamodromous	345	 populations	with	access	to	critical	habitats	on	both	sides	of	the	barrier	(see	Figure	2A	of	346	 Pompeu	et	al.,	2012).	Habitat	shifts	are	likely	to	be	relevant	for	all	life-histories	(Comte	et	347	 al.,	2014;	Ruiz-Navarro	et	al.,	2016;	Radinger	et	al.,	2017).	348	 	349	 [Fig	4]	350	 	351	 The	dispersal	target	framework	is	based	on	ecologically	realistic	targets	describing	the	352	 number	of	fish	required	to	pass	in	order	to	support	population	viability,	as	a	proportion	353	 of	estimated	population	size.	The	target	should	be	set	at	the	maximum	among	the	95th	354	 percentiles	of	simulations	performed	under	the	three	models,	i.e.	metapopulation,	species	355	 distribution-fish	dispersal	and	demo-genetics.	The	95th	percentile	is	recommended	as	a	356	 precautionary	measure	and	should	be	based	on	population	size	estimates	that	account	357	 for	any	impacts	of	barriers	on	fish	habitat	independent	of	connectivity.	This	target	is	358	 unlikely	to	exceed	critical	values	triggering	ecological	sink	behaviour,	particularly	if	359	 upstream	and	downstream	passage	are	both	managed	effectively	(Silva	et	al.,	2017).	This	360	 is	to	say	nothing	about	when	fish	will	be	moving	in	response	to	environmental	cues.	The	361	 target,	therefore,	should	be	time-bounded	based	on	prior	knowledge	of	the	population’s	362	 movement	patterns,	which	may	include	indigenous	and	local	knowledge,	or	else	managed	363	 adaptively	depending	on	when	fish	arrive	at	the	fishway	once	it	is	constructed.	Adaptive	364	 management	may	also	be	called	for	if	many	fish	are	observed	to	be	congregating	near	the	365	
barrier	but	not	using	the	fishway,	requiring	alterations	to	the	fishway	and/or	the	366	 attraction	flow	regardless	of	the	dispersal	target	(Silva	et	al.,	2012).	367	 	368	 Whichever	monitoring	framework	is	considered	appropriate	(Figure	4),	detail	on	the	369	 behaviour	of	fish	in	the	vicinity	of	fishways	and	the	delays	associated	with	passage	can	be	370	 gained	through	applying	time-to-event	analysis	if	the	characteristics	of	target	species	371	 allow	for	the	use	of	biotelemetry	(Silva	et	al.,	2018).	In	both	cases,	monitoring	should	372	 recognise	that	upstream	passage	through	a	fishway	is	not	necessarily	an	indicator	of	373	 success	if	fish	are	trapped	or	disorientated	in	reservoirs	upstream.	If	this	is	the	case,	374	 methods	should	be	in	place	to	check	that	the	fishway	is	supporting	long-term	population	375	 viability	upstream	of	any	impoundment,	for	example	through	stable	isotope	and	genetic	376	 analyses.	It	is	also	important	that	downstream	movement	through	reservoirs	is	given	due	377	 consideration	as	drifting	egg	and	larval	stages	may	suffer	high	mortality	rates	due	to	long	378	 residence	times	(Pelicice	et	al.,	2015).	379	 	380	 We	suggest	the	use	of	a	range	of	methods	to	drive	target-setting	and	monitoring	(Table	381	 1),	going	beyond	previous	recommendations	exclusively	limited	to	biotelemetry	(Cooke	382	 &	Hinch,	2013;	Bunt	et	al.,	2016;	Silva	et	al.,	2018),	which	is	not	feasible	for	a	wide	range	383	 of	species	and	life-stages.	For	example,	to	implant	a	sufficient	number	of	tags	to	detect	384	 rare,	yet	important	dispersal	events	in	‘non-migratory’	species	would	be	infeasible	for	385	 large	populations.	Furthermore,	some	species	and	life-stages	may	be	too	small,	too	386	 sensitive	to	handling	or	have	unsuitable	body	morphologies	to	receive	implanted	tags	387	 without	significant	effects	on	growth,	mortality	and	swimming	performance,	leading	to	388	 bias	in	estimates	of	fishway	effectiveness	from	tagged	fish	(e.g.	Murchie	et	al.,	2004;	389	 Moser	et	al.,	2007).	The	extensive	movements	of	dead	fish	may	also	confound	results	390	
from	biotelemetry	studies,	especially	for	quantifying	downstream	passage	(Havn	et	al.,	391	 2017).	Whilst	a	detailed	discussion	on	each	of	the	recommended	alternative	methods	lies	392	 beyond	the	scope	of	this	review,	we	do	encourage	readers	to	consult	the	original	sources	393	 cited	in	Table	1.	394	 	395	
Conclusions	396	 	397	 Freshwater	fish	populations	exhibit	a	wide	range	of	life	histories,	swimming	abilities	and	398	 spatial	ecologies.	Despite	this	knowledge,	the	science	and	management	of	fishways	has	399	 almost	exclusively	been	dominated	by	concepts	and	methods	well-suited	to	only	a	small	400	 fraction	of	species.	For	these	few	iconic	species,	whose	critical	habitats	are	clearly	401	 separated	in	space,	the	problem	of	passing	fish	at	a	barrier	can	be	reduced	to	a	set	of	402	 simple	metrics	based	on	the	assumption	that	100%	of	the	population	must	annually	pass	403	 the	barrier	to	reach	critical	spawning	or	feeding	habitats	on	the	other	side.	Yet	a	404	 proportion	of	individuals	of	all	fish	populations	must	undertake	movements	of	some	405	 magnitude	to	maintain	population	viability	through	the	exchange	of	individuals	and	the	406	 genetic	information	they	carry.	These	are	‘slower’	and	less	obvious	processes	than	407	 traditionally	considered	in	fish	passage	research,	so	it	seems	understandable	that	they	408	 are	only	now	being	considered	in	greater	detail.	Fortunately,	recent	modelling	advances	409	 now	permit	the	setting	of	ecologically	realistic	targets	for	fishways	to	support	viable	410	 populations	and	their	adaptation	to	environmental	change.	Until	now,	however,	such	411	 modelling	approaches	have	remained	somewhat	disconnected	from	the	concept	of	412	 fishway	effectiveness.	It	is	time	to	embrace	them	as	operational	tools.	413	 	414	
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Figure	legends	705	
	706	
Figure	1	Illustration	of	the	present	conceptual	framework	for	fishway	evaluations	in	707	 which	the	‘overall	fishway	efficiency’	is	often	taken	as	the	product	of	attraction,	entrance	708	 and	passage	efficiencies	(Larinier,	2008).	The	turbine	in	this	simplified	example	is	709	 represented	as	an	Archimedes	screw	but	the	concept	is	applicable	to	any	hydropower	710	 design.	711	 	712	
Figure	2	The	reasons	why	fish	need	to	move	are	manifold	and	operate	over	vastly	713	 different	spatial	and	temporal	scales	than	traditionally	considered	in	fish	passage	science	714	 and	management.	715	 	716	
Figure	3	Simplified	examples	of	ways	that	barriers	may	affect	fish	populations,	including	717	 qualitative	targets	for	fishways	and	suitable	modelling	frameworks	for	setting	718	 quantitative	targets.	Nodes	(open	and	grey	circles)	scaled	to	subpopulation	size.	To	go	719	 from	these	crudely	defined,	qualitative	targets	to	quantitative	targets,	a	set	of	spatial	720	 ecological	modelling	approaches	can	be	applied.	721	 	722	
Figure	4	Recommended	steps	to	identify	dispersal	targets	and	monitor	fishways.	Note	723	 that	targets	should	describe	the	passage	of	fish	through	the	total	infrastructure,	including	724	 reservoirs.	 	725	
Table	1	A	diverse	set	of	field	methods	suitable	for	fishway	target-setting	and	monitoring.	Frameworks:	metapopulation	modelling	(MM);	species	distribution-fish	dispersal	modelling	(SDM);	demo-genetic	modelling	(DG);	fishway	efficiency	(FE)	dispersal	target	(DT);	and	time-to-event	(TE).	 	
Method	
(example	
applications)	
Limitations	 Application	to	fishway	effectiveness	
Target-setting	
frameworks	
Monitoring	
frameworks	
MM	 SDM	 DG	 FE	 DT	 TE	Fish	sampling,	e.g.	electrofishing,	netting,	trapping	(Wilkes	et	al.	2016)	
Labour	intensive	to	estimate	fish	occurrence,	abundance	or	biomass	over	sufficient	space	and	time	scales	but	can	be	combined	with	modelling	to	fill	gaps	
Provides	model	parameters	to	drive	ecologically	realistic	target-setting	 x	 x	 x	 	 	 	
Stable	isotope	analysis	(Cunjak	et	al.	2005)	
Not	all	fish	movements	will	be	associated	with	strong	isotopic	signals.	Requires	access	to	suitable	laboratory	
Can	be	used	to	parameterise	dispersal	in	metapopulation	and	species	distribution	models.	Gives	estimates	of	short-term	 x	 	 	 	 x	 	
(e.g.	seasonal,	generational)	fish	movements	
DNA	sequencing	(Ferreira	et	al.	2017)	
May	require	may	generations	to	detect	barrier	impact	(e.g.	up	to	15;	Landguth	et	al.	2010).	Requires	access	to	suitable	laboratory	
Baseline	data	can	be	used	to	set	targets	using	demo-genetic	modelling.	Gives	direct	assessment	of	a	fishway’s	ability	to	support	viable	populations	through	gene	flow	
x	 	 x	 	 x	 	
Biotelemetry	(Calles	&	Greenberg	2009)	
Unsuitable	for	many	small	bodied	species.	Impractical	to	tag	sufficient	‘non-migratory’	fish	to	detect	infrequent	dispersal	events.	Cost	and	expertise	required	may	be	prohibitive	
A	useful	method	for	assessing	fishway	efficiency	for	larger	migratory	species.	Data	can	be	used	to	parameterise	metapopulation	models.	
x	 	 	 x	 x	 x	
Video	and	acoustic	cameras	(Kirk	et	al.	2015)	
Limitations	with	smaller	species	(e.g.	<50	mm	TL)	and	in	turbid	rivers.	Can	be	expensive	and	technically	demanding	
Can	provide	semi-automated	species	identification	in	suitable	conditions	and	reveal	reasons	for	success	or	failure	in	specific	locations	
	 	 	 x	 x	 	
Stain	and	release	(Amtstaetter	et	al.	2017)	
Low	recapture	rate	without	‘corralling’	fish	in	fishways	
Useful	to	quantify	passage	efficiency	for	small	fish	and	species	sensitive	to	handling.	Can	identify	specific	sections	of	fishways	where	impediments	exist	
	 	 	 x	 x	 	
Trapping	in	fishways	(Baumgartner	et	al.	2010)	
Cannot	give	quantitative	estimates	of	fishway	effectiveness	
Can	provide	qualitative	indicators	of	fishway	effectiveness	for	upstream	movement	of	a	wide	range	of	species	and	life-stages	
	 	 	 x	 x	 	
Ichthyoplankton	surveys	(Fuentes	et	al.	2016)	
Many	samples	may	be	required	in	time	and	space.	Identification	of	some	taxa	at	egg	and	larval	stages	only	possible	through	DNA	barcoding	
Directly	evaluates	the	impacts	of	reservoirs	and	turbine	mortality	on	entrained	egg	and	larval	life-stages	 	 	 	 x	 x	 x	
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ﬂoodplains. Because the populations may become self sus-
taining in the long term in both regions, these passes would
become questionable or justiﬁed only for the maintenance of
the genetic ﬂow between the populations. Reduced success
of downstream movements of ﬁsh could result in decreased
downstream ﬁsh stocks (Lopes et al., 2007), which justiﬁes
performing stock-strength evaluations. However, the efﬁ-
ciency of passage upstream was not evaluated in any of
the cases and effective downstream movements of adults,
eggs and larvae seem improbable in all reservoirs where this
aspect was evaluated (Table I).
Some ﬁsh passes were installed immediately down-
stream of other dams. In this case, the conditions for
reproduction and recruitment are found only further down-
stream (situation B). Passes operating in these conditions
may function as ecologic traps (Pelicice and Agostinho,
2008), because they remove the ﬁsh from healthy environ-
ments and transport them to sites with no critical habitats.
The Igarapava ladder has been justiﬁed by the maintenance
of ﬁsh stocks in the reservoir for ﬁshing (artiﬁcial stocking),
functioning as a source-sink system (Godinho and Kynard,
2009). The implementation of a pass in this case would
not help the recruitment dynamics, because the ﬁsh are
transported to areas of lower environmental quality. If any
purpose different from the conservation of natural stocks
justiﬁes the construction of a mechanism, ﬁsh passage must
be controlled and rigorously monitored.
No studied ﬁsh passes were located at dams where the
conditions for recruitment of migratory species are found
only upstream of the dam (situation C). Although a device
in this case is not necessary, it could represent a chance to
return individuals of migratory species accidentally carried
downstream, or imprisoned downstream by the damming,
to areas where they could reproduce. The populations of
migratory species would not be able to maintain self-
sustainable populations downstream of the dam, which
means that these species would be more likely to disappear
from the reach.
Among the studied ﬁsh passes, only the trap and truck
system at Santa Clara represents the condition where migra-
tory species spawn upstream and rear downstream of the
dam. (situation D). This is the only case study where main-
tenance of connectivity between areas upstream and down-
stream is crucial for maintaining migratory species
populations. The situation at the Funil ﬁsh lift is very simi-
lar, although spawning sites may also be found downstream
(situation E). In both situations, the ﬁsh pass is appropriate if
upstream migration is equivalent to downstream ﬁsh move-
ment. If the descendent migration does not happen, the pass
loses its value to recruitment conservation. In this case, al-
ternative measures are more appropriate (e.g. rehabilitation
of spawning habitats downstream and development areas
upstream). Therefore, if there is high selectiveness, man-
agement may be difﬁcult and expensive. A dam that frag-
ments or separates spawning and development areas
causes severe impacts, especially when it creates a huge
reservoir. To avoid this situation, the distribution of crit-
ical habitats should be thoroughly evaluated during the in-
ventory of the hydroelectric potential of the reach.
There are extreme cases where critical habitats are ab-
sent downstream and upstream of the dam. This is com-
mon in rivers having a series of dams in sequence, such
as the large tributaries of the Paraná River. Even in this
case, where there are no lotic reaches downstream or
Figure 2. Six possible locations of critical habitats (reproduction sites and nursery areas) in relation to a dam with a ﬁsh pass installed. A)
Conditions for spawning (e.g. lotic reaches and tributaries) and recruitment (e.g. ﬂoodplains and lateral habitats) exist upstream and
downstream of the dam. B) Such conditions only occur downstream or upstream (C). D) Reproduction sites are located only upstream
and nurseries only downstream. E) Migratory ﬁsh spawn upstream and downstream, but the nursery areas are located only downstream.
F) Critical habitats are completely absent in the reach
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ﬂoodplains. Because the populations may become self sus-
taining in the long term in both regions, these passes would
become questionable or justiﬁed only for the maintenance of
the genetic ﬂow between the populations. Reduced success
of downstream movements of ﬁsh could result in decreased
downstream ﬁsh stocks (Lopes et al., 2007), which justiﬁes
performing stock-strength evaluations. However, the efﬁ-
ciency of passage upstream was not evaluated in any of
the cases and effective downstream movements of adults,
eggs and larvae seem improbable in all reservoirs where this
aspect was evaluated (Table I).
Some ﬁsh passes were installed immediately down-
stream of other dams. In this case, the conditions for
reproduction and recruitment are found only further down-
strea (situation B). Passes operating in these conditions
may function as ecologic traps (Pelicice and Agostinho,
2008), because they remove the ﬁsh from healthy environ-
ments and transport them to sites with no critical habitats.
The Igarapava ladder has been justiﬁed by the maintenance
of ﬁsh stocks in the reservoir for ﬁshing (artiﬁcial stocking),
functioning as a source-sink system (Godinho and Kynard,
2009). The implementation of a pass in this case would
not help the recruitment dynamics, because the ﬁsh are
transported to areas of lower environmental quality. If any
purpose different from the conservation of natural stocks
justiﬁes the construction of a mechanism, ﬁsh passage must
be controlled and rigorously monitored.
No studied ﬁsh passes were located at dams where the
conditions for recruitment of migratory species are found
only upstream of the dam (situation C). Although a device
in this case is not necessary, it could represent a chance to
return individuals of migratory species accidentally carried
downstream, or imprisoned downstream by the damming,
to areas where they could reproduce. The populations of
migratory species would not be able to maintain self-
sustainable populations downstream of the dam, which
means that these species would be more likely to disappear
from the reach.
Among the studied ﬁsh passes, only the trap and truck
system at Santa Clara represents the condition where migra-
tory species spawn upstream and rear downstream of the
dam. (situation D). This is the only case study where main-
tenance of connectivity between areas upstream and down-
stream is crucial for maintaining migratory species
populations. The situation at the Funil ﬁsh lift is very simi-
lar, although spawning sites may also be found downstream
(situation E). In both situations, the ﬁsh pass is appropriate if
upstream migration is equivalent to downstream ﬁsh move-
ment. If the descendent migration does not happen, the pass
loses its value to recruitment conservation. In this case, al-
ternative measures are more appropriate (e.g. rehabilitation
of spawning habitats downstream and development areas
upstream). Therefore, if there is high selectiveness, man-
agement may be difﬁcult and expensive. A dam that frag-
ments or separates spawning and development areas
causes severe impacts, especially when it creates a huge
reservoir. To avoid this situation, the distribution of crit-
ical habitats should be thoroughly evaluated during the in-
ventory of the hydroelectric potential of the reach.
There are extreme cases where critical habitats are ab-
sent downstream and upstream of the dam. This is com-
mon in rivers having a series of dams in sequence, such
as the large tributaries of the Paraná River. Even in this
case, where there are no lotic reaches downstream or
Figure 2. Six possible locations of critical habitats (reproduction sites and nursery areas) in relation to a dam with a ﬁsh pass installed. A)
Conditions for spawning (e.g. lotic reaches and tributaries) and recruitment (e.g. ﬂoodplains and lateral habitats) exist upstream and
downstream of the dam. B) Such conditions only occur downstream or upstream (C). D) Reproduction sites are located only upstream
and nurseries only downstream. E) Migratory ﬁsh spawn upstream and downstream, but the nursery areas are located only downstream.
F) Critical habitats are completely absent in the reach
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ﬂoodplains. Because the populations may become self sus-
taining in the long term in both regions, these passes would
become questionable or justiﬁed only for the maintenance of
the genetic ﬂow between the populations. Reduced success
of downstream movements of ﬁsh could result in decreased
downstream ﬁsh stocks (Lopes et al., 2007), which justiﬁes
performing stock-strength evaluations. However, the efﬁ-
ciency of passage upstream was not evaluated in any of
the cases and effective downstream movements of adults,
eggs and larvae seem improbable in all reservoirs where this
aspect was evaluated (Table I).
Some ﬁsh passes were installed immediately down-
stream of other dams. In this case, the conditions for
reproduction and recruitment are found only further down-
stream (situation B). Passes operating in these conditions
may function as ecologic traps (Pelicice and Agostinho,
2008), because they remove the ﬁsh from healthy environ-
ments and transport them to sites with no critical habitats.
The Igarapava ladder has been justiﬁed by the maintenance
of ﬁsh stocks in the reservoir for ﬁshing (artiﬁcial stocking),
functioning s a source-sink system (Godinho and Kynard,
2009). The implementation of a pass in this case would
not help the recruitment dynamics, because the ﬁsh are
transported to areas of lower environmental quality. If any
purpose different from the conservation of natural stocks
justiﬁes the construction of a mechanism, ﬁsh pa sage must
be controlle and rigorously monitored.
No studied ﬁsh passes were located at dams where the
conditions for recruitment of migratory species are found
only upstream of the dam (situation C). Altho gh a device
in this case is not necessary, it could represent a chance to
return individuals of migratory species accidentally carried
downstream, or imprisoned downstream by the damming,
to areas where they could reproduce. The populations of
migratory species would not be able to maintain self-
sustainable populations downstream of the dam, which
means that these species would be more likely to disappear
from the reach.
Among the studied ﬁsh passes, only the trap and truck
system at Santa Clara represents the condition where migra-
tory species spawn upstream and rear downstream of the
dam. (situation D). This is the only case study where main-
tenance of connectivity between areas upstream and down-
stream is crucial for maintaining migratory species
populations. The situation at the Funil ﬁsh lift is very simi-
lar, although spawning sites may also be found downstream
(situation E). In both situations, the ﬁsh pass is appropriate if
upstream migration is equivalent to downstream ﬁsh move-
ment. If the desc ndent migration does not happen, th pass
loses its value to recruitment conservation. In this case, al-
ternative measures are more appropriate (e.g. rehabilitation
of spawning habitats downstream and development areas
upstream). Therefore, if there is high selectiveness, man-
agement may be difﬁcult and expensive. A dam that frag-
ments or separates spawning and development areas
causes severe impacts, especially when it creates a huge
reservoir. To avoid this situation, the distribution of crit-
ical habitats should be thoroughly evaluated during the in-
ventory of the hydroelectric potential of the reach.
There are extreme cases where critical habitats are ab-
sent downstream and upstream of the dam. This is com-
mon in rivers having a series of dams in sequence, such
as the large tributaries of the Paraná River. Even in this
case, where there are no lotic reaches downstream or
Figure 2. Six possible locations of critical habitats (reproduction sites and nursery areas) in relation to a dam with a ﬁsh pass installed. A)
Conditions for spawning (e.g. lotic reaches and tributaries) and recruitment (e.g. ﬂoodplains and lateral habitats) exist upstream and
downstream of the dam. B) Such conditions only occur downstream or upstream (C). D) Reproduction sites are located only upstream
and nurseries only downstream. E) Migratory ﬁsh spawn upstream and downstream, but the nursery areas are located only downstream.
F) Critical habitats are completely absent in the reach
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ﬂoodplains. Because the populations may become self sus-
taining in the long term in both regions, these passes would
become questionable or justiﬁed only for the maintenance of
the genetic ﬂow between the populations. Reduced success
of downstream movements of ﬁsh could result in decreased
downstream ﬁsh stocks (Lopes et al., 2007), which justiﬁes
performing stock-strength evaluations. However, the efﬁ-
ciency of passage upstream was not evaluated in any of
the cases and effective downstream movements of adults,
eggs and larvae seem improbable in all reservoirs where this
aspect was evaluated (Table I).
Some ﬁsh passes were installed immediately down-
stream of other dams. In this case, the conditions for
reproduction and recruitment are found only further down-
stream (situation B). Passes operating in these conditions
may function as ecologic traps (Pelicice and Agostinho,
2008), because they remove the ﬁsh fr m healthy environ-
ments and transport them to sites with no critical habitats.
The Igarapava ladder has been justiﬁed by the maintenance
of ﬁsh stocks in the reservoir for ﬁshing (artiﬁcial stocking),
functioning as a source-sink system (Godinho and Kynard,
2009). The implementation of a pas in thi c se would
not help the recruitment dynamics, because the ﬁsh are
transported to areas of lower environmental quality. If any
purpose different from the conservation of natural stocks
justiﬁes the construction of a mechanism, ﬁsh passage must
be controlled and rigorously monitored.
No studied ﬁsh passes were located at dams where the
conditions for recruitment f migratory species are found
only upstream of the dam (situation C). Although a device
in this case is not necessary, it could represent a chance to
return individuals of migratory species accide t lly carried
downstream, or imprisoned downstream by the damming,
to areas where they could reproduce. The populations of
migratory species would not be able to maintain self-
sustainable populations downstream of the dam, which
means that these species would be more likely to disappear
from the reach.
Among the studied ﬁsh passes, only the trap and truck
system at Santa Clara represents the condition where migra-
tory species spawn upstream and rear downstream of the
dam. (situation D). This is the only case study where main-
tenance of connectivity between areas upstream and down-
stream is crucial for maintaining migratory species
populations. The situation at the Funil ﬁsh lift is very simi-
lar, although spawning sites may also be found downstream
(situation E). In both situations, the ﬁsh pass is appropriate if
upstream migration is equivalent to downstream ﬁsh move-
ment. If the descendent migration does not happ n, the pass
loses its value to recruitment conservation. In this case, al-
ternative measures are more appropriate (e.g. rehabilitation
of spawning habitats downstream and development areas
upstream). Therefore, if there is high selectiveness, man-
agement may be difﬁcult and expensive. A dam that frag-
ments or separates spawning and development areas
causes severe impacts, especially when it creates a huge
reservoir. To avoid this situation, the distribution of crit-
ical habitats should be thoroughly evaluated during the in-
ventory of the hydroelectric potential of the reach.
There are extreme cases where critical habitats are ab-
sent downstream and upstream of the dam. This is com-
mon in rivers having a series of dams in sequence, such
as the large tributaries of the Paraná River. Even in this
case, where the e ar no lotic re ches downstream or
Figure 2. Six possible locations of critical habitats (reproduction sites and nursery areas) in relation to a dam with a ﬁsh pass installed. A)
Conditions for spawning (e.g. lotic reaches and tributaries) and recruitment (e.g. ﬂoodplains and lateral habitats) exist upstream and
downstream of the dam. B) Such conditions only occur downstream or upstream (C). D) Reproduction sites are located only upstream
and nurseries only downstream. E) Migratory ﬁsh spawn upstream and downstream, but the nursery areas are located only downstream.
F) Critical habitats are completely absent in the reach
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ﬂoodplains. Because the populations may become self sus-
taining in the long term in both regions, these passes would
become questionable or justiﬁed only for the maintenance of
the genetic ﬂow between the populations. Reduced success
of downstream movements of ﬁsh could result in decreased
downstream ﬁsh stocks (Lopes et al., 2007), which justiﬁes
performing stock-strength evaluations. However, the efﬁ-
ciency of passage upstream was not evaluated in any of
the cases and effective downstream movements of adults,
eggs and larvae seem improbable in all reservoirs where this
aspect was evaluated (Table I).
Some ﬁsh passes were installed immediately down-
stream of other dams. In this case, the conditions for
reproduction and recruitment are found only further down-
stream (situation B). Passes operating in these conditions
m y fu ction as ecologic traps (Pelicice and Agostinho,
2008), because they remove the ﬁsh from healthy environ-
ments and transport them to sites with no critical habitats.
The Igarapava ladder has been justiﬁed by the maintenance
of ﬁsh stocks in the reservoir for ﬁshing (artiﬁcial stocking),
functioning as a source-sink system (Godinho and Kynard,
2009). The implementation of a pass in this case would
not help the recruitment dynamics, because the ﬁsh are
transported to areas of lower environmental quality. If any
purpose different from the conservation of natural stocks
justiﬁes the construction of a mechanism, ﬁsh passage must
be controlled and rigorously monitored.
No studied ﬁsh passes were located at dams where the
conditions for recruitment of migratory species are found
only upstream of the dam (situation C). Although a device
in this case is not necessary, it could represent a chance to
return individuals of m gratory sp cies accidentally carrie
downstream, or imprisoned downstream by the damming,
to areas where they could reproduce. The populations of
migratory pecies would not be able to maintain self-
sustainable populations downstream of the dam, which
means that these species would be more likely to disappear
from the reach.
Among the studied ﬁsh passes, only the trap and truck
system at Santa Clara represents the condition where migra-
tory species spawn upstream and rear downstream of the
dam. (situation D). This is the only case study where main-
tenance of connectivity between areas upstream and down-
stream is crucial for maintaining migratory species
populations. The situation at the Funil ﬁsh lift is very simi-
lar, although spawning sites may also be found downstream
(situation E). In both situations, the ﬁsh pass is appropriate if
upstream m gra ion is equivalent to downstream ﬁsh move-
ment. If the descendent migration does not happen, the pass
loses its value to recruitment conservation. In this case, al-
ternative measures are more appropriate (e.g. rehabilitation
of spawning habitats downstream and development areas
upstream). Therefore, if there is high selectiveness, man-
agement may be difﬁcult and expensive. A dam that frag-
me ts or separates spawning and development areas
causes severe impacts, especially when it creates a huge
reservoir. To avoid this situation, the distribution of crit-
ical habitats should be thoroughly evaluated during th in-
ventory of the hydroelectric potential of the reach.
There are extreme cases where critical habitats are ab-
sent downstream and upstream of the dam. This is com-
mon in rivers having a series of dams in sequence, such
as the large tributaries of the Paraná River. Even in this
case, where there are no lotic reaches downstream or
Figure 2. Six possible locations of critical habitats (reproduction sites and nursery areas) in relation to a dam with a ﬁsh pass installed. A)
Conditions for spawning (e.g. lotic reaches and tributaries) and recruitment (e.g. ﬂoodplains and lateral habitats) exist upstream and
downstream of the dam. B) Such conditions only occur downstream or upstream (C). D) Reproduction sites are located only upstream
and nurseries only downstream. E) Migratory ﬁsh spawn upstream and downstream, but the nursery areas are located only downstream.
F) Critical habitats are completely absent in the reach
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ﬂoodpl ins. Because th populations may become self su -
tain ng in he l ng t rm in both regio , th se pas es would
become questio able or justiﬁed only for the ai ten nce of
the genetic ﬂow between the p pulation . R duc d success
of downstream movements of ﬁ h co d r sult i decre sed
downstream ﬁ h stocks (Lop s t al., 2007), which justiﬁes
performing stock-s r ngth evaluations. How v r, t e fﬁ-
ciency of passage upstream was not ev luated in any of
the cases and effective downstream movements of adults,
eggs and larvae seem improbable in all reservoirs where this
aspect was evaluated (Table I).
Som ﬁsh passes were installed imm diately down-
stream of other ams. In this case, the conditions for
reproduction and recruitment are found only further down-
stream (situation B). Passes operating in these conditions
may function as ecologic traps (Pelicice and Agostinho,
2008), becaus they remove the ﬁsh from healthy environ-
ment and transport them to sites with no cr ic l habitats.
The Igarapava ladd r has been justiﬁed by the maintenance
of ﬁsh stocks in the reservoir for ﬁshing (artiﬁcial stocking),
functioning as a source-sink system (Godinho and Kynard,
2009). The implementation of a pass in this case would
not elp the recruitment dy amics, bec use th ﬁsh are
transported t ar as of lower enviro mental quality. If any
purpose different from the conservation of natural stocks
justiﬁes the construction of a mechanism, ﬁsh passage must
be controlled and rigorously monitored.
No studied ﬁsh passes were located at dams where he
conditions for recruitment of igratory species are found
only upstream of the dam (situation C). Although a device
in this case is not necessary, it could represent a chance to
return individuals of migratory species accidentally carried
downstream, or imprisoned downstream by the damming,
to ar as where they could reproduce. The populations of
migratory speci s woul not be able to maintain self-
sustainable populat ons downstream of the dam, which
means th t th se spec es would be more likely to disappear
from the reach.
Am ng he studied ﬁsh passes, only the trap and truck
system at Santa Clara repre ents the condition where migra-
tory species spawn upstream and rear downstream of the
dam. (situation D). This is the only case study where main-
tenance of connectivity between areas upstream and down-
stream is crucial for maintaining migratory species
populat ons. The situation at the Funil ﬁs lift is very simi-
lar, although spawning sites may also be foun downstream
(situation E). In both situations, the ﬁsh pass is appropriate if
upstream migration is equivalent to downstream ﬁsh move-
ment. If the descendent migration does not happen, the pass
loses its value t recruitm t conservation. In this case, al-
ternative measures are more appropriate (e.g. rehabilitation
of spawning habitats downstream and development areas
upstream). Therefore, if there is high selectiveness, man-
agement may be difﬁcult and expensive. A dam that frag-
ments or separates spawning and development areas
cause severe impacts, especially when it creates a huge
reservoir. To avoid this situation, the distribution of crit-
ical habitats should be thoroughly evaluated during the in-
ventory of the hydroelectric potential of the reach.
There re extreme cases where critical habitats are ab-
sent nstream and upstream of the dam. This is com-
mon in rivers having a series of dams in sequence, such
as the large tributaries of the Paraná River. Even in this
case, where there are no lotic reaches downstream or
Figure 2. Six possible loca ions of critical habitats (reproduction sites nd nursery ar as) in relation to a dam with a ﬁsh pass installed. A)
Conditions for spawning (e.g. lotic reaches and tributaries) and recruit ent (e.g. ﬂoodplains and lateral habitats) exist upstream and
downstream of the dam. B) Such c nditions only occur downstream or u stream (C). D) R roduction sites are located only upstrea
and nurseries only downstream. E) Migratory ﬁsh spawn upstream nd downstr , but the nursery areas are located only downstream.
F) itical habitats are comple ely absent in the reach
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ﬂoodplains. Because the populations may become self sus-
taining in the long term in both regions, these passes would
become questionable or justiﬁed only for the maintenance of
the genetic ﬂow between the populations. Reduced success
of downstream movements of ﬁsh could result in decreased
downstream ﬁsh stocks (Lopes et al., 2007), which justiﬁes
performing stock-strength evaluations. However, the efﬁ-
ciency of passage upstream was not evaluated in any of
the cases and effective downstream movements of adults,
eggs and larvae seem improbable in all reservoirs where this
aspect was evaluated (Table I).
Some ﬁsh passes were installed immediately down-
stream of other dams. In this case, the conditions for
reproduction and recruitment are found only further down-
stream (situation B). Passes operating in these conditions
may function as ecologic traps (Pelicice and Agostinho,
2008), because they remove the ﬁsh from healthy environ-
ments and transport them to sites with no critical habitats.
The Igarapava ladder has been justiﬁed by the maintenance
of ﬁsh stocks in the reservoir for ﬁshing (artiﬁcial stocking),
functioning as a source-sink system (Godinho a d Kynard,
2009). The implementation of a pass in this case would
not help the recruitment dynamics, because the ﬁsh are
transported to areas of lower environmental quality. If any
purpose different from the conservation of natural stocks
justiﬁes the construction of a mechanism, ﬁsh passage must
be controlled and rigorously monitored.
No studied ﬁsh passes were located at dams where th
conditions for recruitment of migratory species are found
only upstream of the dam (situation C). Although a device
in this case is not necessary, it could represent a chance to
return individuals of migratory species accidentally carried
downstrea , or impriso ed downstr am by the damming,
to areas where they could reproduce. The populations of
migratory species would not be able to m intain self-
sustainable populations downstream of the dam, which
means that these species would be more likely to disappear
from the reach.
Among the studied ﬁsh passes, only the trap and truck
system at Santa Clara represents the condition where migra-
tory species spawn upstream and rear downstream of the
dam. (situation D). This is the only case study here main-
tenance of connectivity between areas upstream and down-
stream is crucial for maintaining migratory species
populations. The situation at the Funil ﬁsh lift is very simi-
lar, although spawning sites may also be found downstream
(situati n E). In both situations, the ﬁsh pass is appropriate if
upstrea migration is equivalent to downstream ﬁsh move-
ment. If the descendent migration does not happen, the pass
loses its value to recruitment conservation. In this case, al-
ternative measures are more appropriate (e.g. rehabilitation
of spawning habitats downstream and development areas
upstream). Therefore, if there is high selectiveness, man-
agement may be difﬁcult and expensive. A dam that frag-
ments or separates spawning and development areas
causes severe impacts, especially when it creates a huge
reservoir. To avoid this situation, the distribution of crit-
ical habitats should be thoroughly evaluated during the in-
ventory of the hydroelectric potential of the reach.
The e are extreme cases where critical habitats are ab-
sent downstream and upstream of the dam. This is com-
mon in rivers having a series of dams in sequence, such
as the large tributaries of the Paraná River. Even in this
case, where there are no lotic reaches downstream or
Figure 2. Six possible locations of critical habitats (reproduction sites and nursery areas) in relation to a dam with a ﬁsh pass installed. A)
Conditions for spawning (e.g. lotic reaches and tributaries) and recruitment (e.g. ﬂoodplains and lateral habitats) exist upstream a d
downstream of the dam. B) Such conditions only occur dow tream or pstream (C). D) Rep oductio sit s are located only upstrea
and nurseries only downstream. E) Migratory ﬁsh spawn upstream and downstream, but the nurse y areas ar locat d only downstream.
F) Critical habitats are completely absent in the reach
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ﬂoodplains. Because the populations ay become elf sus-
taining in the long term in bot region , these passes w uld
bec me questionable r justiﬁed nly for the maintenance of
the gen tic ﬂow between the populations. Reduced success
of downstream m vements of ﬁ h coul result in d creased
downstream ﬁsh stocks (Lopes et al., 2007), which j st ﬁes
performing stock-strength evaluati ns. However, the efﬁ-
ciency of pass ge up tream w s not v luated in an of
the cas s and effective downstream movements of adults,
eggs and larvae seem improbable in all servoirs where this
aspect was evaluated (Table I).
Some ﬁsh passes w re installed immedi t ly down-
stream of other dams. In this case, the c nditions for
repro uction and recruitment ar found only further down-
stream (situation B). Passes operating i these conditions
may function as ecologic traps (Pelicice and Agostinho,
2008), because they remove the ﬁsh from healthy enviro -
ments and transport them to sites with n critical habitats.
The Igarapava ladder has been justiﬁed by the mainten nce
of ﬁsh stocks in the reservoir for shing (artiﬁcial stocking),
functioning as a source-sink system (Godin o and Kynard,
2009). The implementation of a pass in this case would
not help the recruit ent dynamics, because the ﬁsh ar
transported to areas of lower environmental quality. If any
purpose different from the conservation of n tural stocks
justiﬁes the construction of a mechanism, ﬁsh assage ust
be controlled and igorously moni o ed.
No studied ﬁsh passes were located at dams where th
conditions for recruitment of migratory sp cies a e found
only upstream of the dam (situation C). Although a device
in this case is not necessary, it could repr sent a chance to
return individuals of migratory specie acci entally carried
downstrea , or impris ned d wnstrea by the damming,
to reas where they could repr duce. Th popu ations of
migratory species would not be able to aintain self-
sustain ble popul tions d w stream of e dam, which
m n that hese species would be more likely to disappear
fr m the r a h.
Among the studied ﬁsh p sses, onl the trap and truck
system at Sant Clara r present the conditio where migra-
tory sp cies spawn upstream and r r d wnstream of the
dam. (situation D). This is the only case study where main-
te an e of connectivity between reas upstream an down-
stream is crucial for maintaining migr tory species
populations. The situation at the Funil ﬁsh lift is very simi-
lar, althou h pawning sites may also be fou d downstream
(situation E). In both situations, the ﬁsh pass is appropriate if
upstrea m gration is equivalent to downstream ﬁsh move-
ment. If the descendent migration does not happen, the pass
l ses its val e to recruitment conservation. In this case, al-
ter at ve measures are more appropr ate (e.g. rehabilit ti
of spawni g habit downstream and development areas
upst ea ). T refore, if there is high s l ctiv ess, an-
agement may be difﬁcult and expensive. A dam that frag-
ments or separates spawning nd development areas
causes severe impacts, especially when it crea es a huge
reservoir. To avoid this situation, the distributi n of crit-
ic l habi at should be thoroughly evaluated during the i -
ventory of the hydroelectric pot ial of the reach.
Th re are ex reme cases where critical habitats are ab-
sent downstream and upstrea of the dam. This is com-
mon in rivers h ving a series of d ms in sequenc , such
as the large tributaries of the Paraná River. Even in his
s , where ther are no lotic reaches downstream or
Figure 2. Six possible locations of critical habita s (reproduction ites nd nursery areas) in relation to a dam with ﬁsh pass i stalled. A)
Conditio s for spawn g (e.g. l tic re ches a d tributaries) and r cruitment (e.g. ﬂood lains nd lateral habitats) xist upstr am and
d wnstre of the dam. B) Such c nditions only occur d wn tr or upstream (C). D) Reproducti n sites a e locat d only upstream
and nurseries only downstream. E) Migr tory ﬁ h spawn upstream and downstream, but the nursery areas are l c ted only downstream.
F) Critical habitats are completely absent in t e reach
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ﬂoodplains. Because the populations ma become elf sus-
aining in the long term in both r gions, these passes would
become questionable or justiﬁed only for the maintenance of
the genetic ﬂow between the populations. Reduced success
of downstream movements of ﬁsh could result in decreas d
downstream ﬁsh stocks (Lopes t al., 2007), which justiﬁes
performing stock-strength evaluations. However, the efﬁ-
ciency of passage upstream was not evaluated in any of
the cases and effective downstream movements of adults,
eggs and larvae seem improbable in all reservoirs where this
aspect was evaluated (Table I).
Some ﬁsh passes were installed i mediat ly down-
stream of other dams. I this case, the condition for
reproduction and recruitment are found only further d wn-
stream (situation B). Passes operating in these conditions
may function as ecologic traps (Pelicice and Agostinho,
2008), because they remove the ﬁsh fr m healthy environ-
ments a d tran port them to sit s with no critical habit ts.
The Igarapava ladder has been justiﬁed by the maintenance
of ﬁsh stocks in the reservoir f r ﬁshing (artiﬁcial stocking),
functioning as a source-sink system (Godinho and Kynard,
2009). The implementation of a pass in this case would
not h lp the recruitment dynamics, because the ﬁsh are
tr nsport d to reas of lower nvir nmental quality. If any
purpose different from the conservatio of natural stocks
justiﬁes the construction of a mechanism, ﬁsh passage must
be controlled and rigorously monitored.
No studied ﬁsh passes were located at dams where the
conditions for recruitment of migrato y speci s are found
only upstream of the da (situation C). Although a devi e
in this case is not necessary, it could represent a chance to
return in ividuals of migratory species accidentally carried
downstre m, or imprisoned downstream by the damming,
to areas where they could reproduce. The populations of
migratory species would not be ble to maintain elf-
sustainable populations downstream of the dam, which
means that these species would be ore likely to disappear
from the reach.
Among the studied ﬁsh passes, only the trap and truck
system at Santa Clara represents the condition where migra-
tory species spawn upstream and rear downstream of the
dam. (situation D). This is the only case study where main-
te ance of connectivity between areas upstream nd down-
stream is crucial for m inta ni g migratory sp cies
populations. The situation a t e Funil ﬁsh lift is v ry si i-
lar, although spawning sites may also be found downstream
(situation E). In both situations, the ﬁsh pass is appropriate if
upstream migration is equivalent to downstream ﬁsh move-
ment. If the descendent migration does not happen, the pass
loses its value to recruitme t conservation. In this c se, al-
ternative measures are more ppropriate ( .g. rehabilitation
of spawning habit ts downstream and dev lopment areas
upstream). Therefore, if there is high selectiveness, man-
agement may be difﬁcult and expensive. A dam that frag-
ments or separates spawning and dev lopment area
causes sev r impa ts, speci lly wh n it creates a huge
reservoir. T avoid this situation, the distribution of crit-
ical habit ts should be thoroughly evaluated during the in-
ventory of the hydroelectric potential of the reach.
There are extreme cases where critical habitats are ab-
sent downst am and upstream of the dam. This is com-
mon in rivers having a series of dams in seque ce, such
as the large tributaries of the Paraná River. Even in this
case, here there are no lotic reaches downstream or
Figure 2. Six possible locations of critical habitats (reproduction sites and nursery areas) in relation to a dam with a ﬁsh pass installed. A)
C nditions for spawning (e.g. lotic reache a d tributaries) and r ruitment (e.g. ﬂoodplain and lateral habitats) exist upstream and
downs r am of t e dam. B) Such cond t ons only occu downstream or upstrea (C). D) Reproduction sites are located only upstream
and nurseries only downstream. E) Migratory ﬁsh spawn upstream and downstream, but th nursery areas are located only downstream.
F) Criti al habitats are completely abse t in the reach
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